Acoustic cavitation has been shown to deliver molecules into viable cells, which is of interest for drug and gene delivery applications. To address mechanisms of these acoustic bioeffects, this work measured the lifetime of albumin-stabilized cavitation bubbles ͑Optison͒ and correlated it with desirable ͑intracellular uptake of molecules͒ and undesirable ͑loss of cell viability͒ bioeffects. Optison was exposed to 500 kHz ultrasound ͑acoustic pressures of 0.6 -3.0 MPa and energy exposures of 0.2-200 J/cm 2 ) either with or without the presence of DU145 prostate cancer cells (10 6 cells/ml) bathed in calcein, a cell-impermeant tracer molecule. Bubble lifetime was determined using a Coulter counter and flow cytometer, while bioeffects were evaluated by flow cytometry. The lifetime of Optison cavitation nuclei was found to decrease and bioeffects ͑molecular uptake and loss of cell viability͒ were found to increase with increasing acoustic energy exposure. These bioeffects correlated well with the disappearance of bubbles, suggesting that contrast agent destruction either directly or indirectly affected cells, probably involving unstabilized cavitation nuclei created upon the destruction of Optison. Because Optison solutions presonicated to destroy all detectable bubbles also caused significant bioeffects, the indirect mechanism involving secondary cavitation bubbles is more likely.
I. INTRODUCTION
In addition to ultrasound's widespread role as a diagnostic medical tool ͑Kremkau, 1998͒, ultrasound is being studied for a number of new therapeutic applications. For example, ultrasound has been shown to increase DNA transfection and protein delivery in cell suspensions and animals ͑Fechheimer et al., 1987; Miller et al., 1999; Ward et al., 2000; Guzman et al., 2002͒. Ultrasound has also been shown to induce changes in adhesion, migration and proliferation of sonicated cells that may have use in arterial recanalization ͑Rosenschein et Alter et al., 1998͒, en- Many of these effects are hypothesized to be caused by reparable sonoporation, which involves a temporary disruption of cell membrane structure that subsequently reseals ͑Ward et al., . Many of the acoustic bioeffects are believed to be caused primarily by ultrasound-induced cavitation ͑Leigh-ton, 1994; Barnett et al., 1994͒. Acoustic bioeffects have been utilized for ultrasoundmediated drug delivery based on reparable sonoporation. This approach has received increasing attention as a novel strategy to target transport of drugs and genes into cells and tissue ͑Mitragotri et al., 1995; Keyhani et al., 2001; Pruitt and Pitt, 2002; Taniyama et al., 2002; Zderic et al., 2002͒ . In contrast to systemic procedures, delivery enhanced by ultrasound can be focused onto target tissues. This can reduce the whole body doses of a drug and allow delivery of molecules to precise locations in the body, which may reduce side effects and treatment costs ͑Miller, 2000͒.
Ultrasound-mediated delivery can also transport molecules intracellularly ͑Bao et al Guzman et al., 2001a , b͒, which is often important for gene-and proteinbased therapies. Although exciting applications of ultrasound-mediated therapy have been demonstrated, reproducible bioeffects may be difficult to achieve if only acoustic conditions are controlled. Medical applications may require directly controlling cavitation, which depends in a complex time-dependent manner on the acoustic and physical environment. This is because ultrasound's bioeffects are known to be largely mediated by cavitation that takes place even at moderate acoustic pressures in the presence of contrast agents ͑Ward et al., 2000; Heybeli et al., 2002͒. Contrast agents like Optison or Albunex provide nuclei for cavitation in the forms of stabilized gas spheres or pockets of gas and shell fragments released from the disruption of stabilized spheres ͑Brayman and Dalecki et al., 1997; Ward et al., 2000; . Application of ultrasound to these nuclei can cause oscillations and violent collapse of bubbles in the surrounding liquid, microstreaming, shock waves and microjets ͑Leighton, 1994; Marmottant and Hilgenfeldt, 2003͒. The availability of cavitation nuclei for interaction with ultrasound determines the ability a͒ Author to whom correspondence should be addressed. Electronic mail: mark.prausnitz@chbe.gatech.edu of sonication to generate inertial cavitation ͑Chen et al., 2003a͒. A study with human erythrocytes and 1 MHz ultrasound revealed that gas bodies capable of nucleating violent cavitation activity persist even after the rapid destruction of albumin-covered contrast agent Albunex ͑Brayman and Miller, 1997͒. Theoretical considerations predict that free bubbles liberated from contrast-agent gas bodies are much more active than the stabilized shell-encapsulated gas bubbles ͑Miller, 1998; Wu, 2002͒. Such bubbles, over a very wide range of bubble sizes, can be highly inertially active even during just one acoustic cycle ͑Flynn and Church, 1988͒. Other studies have addressed bubble destruction mechanisms and fragmentation thresholds ͑Dayton et Chomas et al., 2001; Chen et al., 2003b͒. Motivated by the need to characterize and control cavitation activity and, we hypothesize, thereby control bioeffects, the aims of this study were to measure the size and lifetime of cavitation and correlate them with bioeffects on cell suspensions in vitro. Bubble lifetime is defined as the duration of sonication after which Optison bubbles can no longer be detected. An additional task was to test the hypothesis that bioeffects caused by ultrasound in the presence of Optison are mediated by secondary cavitation bubbles generated from Optison nucleation sites.
II. MATERALS AND METHODS

A. Cell sample preparation
For experiments involving cells, we used the methods described by Guzman et al. ͑2001a͒ . Briefly, DU145 human prostate cancer cells ͑ATCC HTB 81, American Type Culture Collection, Rockville, MD͒ were cultured as monolayers in a humidified atmosphere of 95% air and 5% CO 2 at 37°C in RPMI-1640 media supplemented with 10% ͑v/v͒ heat inactivated fetal bovine serum and 100 g/ml penicillinstreptomycin ͑Cellgro, Mediatech, Herndon, VA͒. Cells were harvested by trypsin/EDTA ͑Cellgro͒ digestion, washed, and resuspended at a concentration of 10 6 cells/ml ͑average cellto-cell distance of ϳ80 m) in RPMI containing 10 M calcein ͑623 Da, radiusϭ0.6 nm; Molecular Probes, Eugene, OR͒. Calcein is a green-fluorescent, normally cellimpermeant molecule that was used to quantify transport of molecules into viable cells.
B. Ultrasound apparatus
Ultrasound at 500-kHz frequency, 60-ms pulse length and 6% duty cycle ͑i.e., 1 pulse per second͒ was generated by a submersible, focused, piezoceramic transducer with 7.5-cm diameter ͑Techno Scientific, Woodbridge, Ontario, Canada͒ housed in a polycarbonate tank containing an acoustic absorber ͑SC-501 Acoustic Rubber, Sonic Concepts, Woodinville, WA͒ and filled with de-ionized, distilled and partially degassed water (O 2 levels below 75% saturation͒ ͑U.S. Filter, Palm Desert, CA͒ at 23-24°C. The transducer had a 9 cm focal length and Ϫ6 dB beam width of 3 mm at the focal beam point.
A 500-kHz sinusoid generated by a programmable wave form generator ͑Stanford Research Instruments, Sunnyvale, CA͒ and amplified by a custom tone burst amplifier ͑Techno Scientific͒ powered and controlled the response of the transducer. The acoustic field generated by the transducer was calibrated using a 0.2-mm aperture PVDF membrane hydrophone ͑NTR Systems, Seattle, WA͒. Energy exposure, E, delivered to the focal beam point during the time, t, was calculated as Eϭ P 2 t/c, where P is rms pressure, is density of water, and c is speed of sound in water ͑Leighton, 1994͒. Spatial-peak-temporal-peak negative pressure was varied between 0.6 and 3.0 MPa.
C. Ultrasound exposure and quantification of bioeffects
Cells in RPMI that contained calcein and 1.7% v/v albumin-stabilized gas bubbles ͓ϳ10 7 bubbles/ml, i.e., cellto-bubble ratio of 0.1, cell-to-bubble distance of 40 m ͑Ward et al., 2000; Guzman et al., 2003͔͒ ͑Optison, Amersham Health, Princeton, NJ͒ were slowly injected ͑to mitigate shear-flow effects on cell membranes and Optison bubbles͒ into a 1.2-ml polyethylene transfer pipette ͑Samco, San Fernando, CA, catalog no. 241͒ and exposed in the focal beam point of the transducer at known acoustic conditions. ''Sham'' exposures to ultrasound ͑i.e., no ultrasound applied͒ were conducted as negative controls.
Because the pipette sample cross section ͑1 by 2.5 cm͒ was larger than the acoustic beam width, there was a nonuniform exposure inside the pipette. This effect was compensated for by vigorous mixing generated by ultrasound inside the pipette, so that cells and bubbles were continuously cycled through the high pressure region. This mixing was evident by visual observation even on the time scale of a single 60-ms burst. Additional efforts to promote mixing, such as rotation of the pipette ͑Brayman and Miller, 1999͒, were not required.
After sonication, samples were immediately transferred to 1.5-ml microcentrifuge tubes ͑Brinkmann Instruments, Westbury, NY͒ and left to incubate for 5 min at room temperature to permit cells to ''recover'' ͑Keyhani et al., 1998͒. Cells were washed to remove calcein present in the extracellular fluid and subsequently incubated in phosphate-buffered saline containing 0.1 mg/ml propidium iodide ͑Molecular Probes͒ to stain nonviable cells. Fluorescent reference beads ͑Molecular Probes͒ were added to facilitate cell viability analysis, as described previously by Guzman et al. ͑2001a͒ .
Molecular uptake ͑i.e., amount of calcein delivered into a cell͒ and cell viability were quantified by a FACS Vantage SE flow cytometer ͑Becton Dickinson, San Jose, CA͒ as described by Guzman et al. ͑2001a͒ . Fluorescence measurements were used to distinguish viable from nonviable cells ͑PI fluorescence, 665-to 685-nm bandpass filter͒ and to measure calcein uptake ͑calcein fluorescence, 515-to 545-nm bandpass filter͒.
D. Measurement of bubble size, concentration, and lifetime
Before sonication, the concentration of Optison provided by the manufacturer is 5.0-8.0ϫ10
8 bubbles/ml ͑Amersham Health͒. Optison bubbles are reported to range in diameter from approximately 1 to 20 m, with 92.5% smaller than 10 m ͑Jablonski et al., 1998͒, which is consistent with Coulter counter measurements in our study ͑see below͒.
To determine the size, concentration, and lifetime of bubbles during and after sonication, we used three different methods. Coulter counting and flow cytometry were used for postsonication measurement and acoustic scattering was used for measurements made during sonication. For Coulter counter and flow cytometer measurements, Optison bubbles were added to RPMI media to achieve a final concentration of 1.7% v/v ͑unless otherwise noted͒ and exposed to acoustic conditions over the same range as in the experiments with cells. Samples were then diluted 200-fold with Isoton II solution ͑Beckman Coulter͒ ͑Sontum and Christiansen, 1994͒ and immediately examined by electrical zone sensing with a Coulter Multisizer II ͑Beckman Coulter, Fullerton, CA͒ to determine the size distribution and concentration of bubbles as small as 2 m, which was the instrument's detection limit. The Coulter apparatus was fitted with a 100-m orifice, the aperture current was fixed at 1600 A, the gain factor was set at 2, and the siphon volume was fixed at 500 l. Each experiment was performed in triplicate. Measurements were made within 5 min after sonication.
To count bubbles with diameters less than 2 m, a flow cytometer ͑Becton-Dickinson, LSR I, San Jose, CA͒ was employed. Flow cytometry light scattering measurements have been used in previous studies to determine the size of particles, and have been shown to yield results similar to electrically based measurements obtained by Coulter counting ͑Yeng et al., 2002͒. After exposing Optison to ultrasound as described above, flow cytometry forward scatter measurements were made and compared to polymer beads ͑Poly-sciences, Warrington, PA͒ with known diameters for size calibration.
These experiments to characterize bubble populations were performed in the absence of cells to eliminate difficulty in distinguishing cells and cell debris from bubbles in the Coulter counter. To verify that removal of cells did not alter bubble dynamics, bubble size distribution and concentration were compared using three methods to account for the effects of cells: (i) data from Optison bubbles exposed to ultrasound without cells, (ii) data from Optison exposed to ultrasound with cells, modified by subtracting out data from cells exposed to ultrasound without Optison and (iii) data from Optison exposed to ultrasound with cells, modified by subtracting out data from cells exposed to ultrasound with the ''remnants'' of Optison after exposure to vacuum ͑30 min at 0.6 atm͒ to remove bubbles. Bubble concentrations and size distributions were approximately the same for each of these scenarios both before and after sonication at 5 J/cm 2 ͑data not shown͒, suggesting that cells did not have a protective ͑or destructive͒ effect on bubbles during sonication.
We were concerned that during the 5 min between sonication and analysis, bubble populations could change. In a control experiment, we found that both flow cytometry and Coulter counting showed that Optison bubbles did not change their concentration and size distribution during at least 10 min in mixture with RPMI ͑data not shown͒. This suggests that albumin-stabilized Optison bubbles present at the end of sonication were probably unchanged at the time of subsequent analysis. However, we do not have information about the fate of other bubbles that may not have been stabilized by an albumin shell and possibly changed or even disappeared between sonication and analysis.
Due to these limitations of post-exposure analysis of bubble populations, we also used real-time acoustic scattering measurements to provide information about bubble concentration and lifetime ͑but not size͒. During sonication, a custom, broadband, piezopolymer hydrophone with active diameter 13 mm ͑Sonic Concepts͒ was placed approximately 2 mm behind the sample pipette in line with the transducer. Placing the hydrophone behind the sample pipette could cause acoustic reflections. However, rates of Optison destruction were the same either with or without the hydrophone placed behind the sample, suggesting that the acoustic field was not significantly changed.
The signal from the hydrophone was amplified and acquired with an NI 5911 high-speed digitizer and LabVIEW software ͑National Instruments, Austin, TX͒ operating on a personal computer. Average intensity at the fundamental frequency ͑500 kHz͒ of every ultrasound burst was estimated using fast Fourier transformation ͑FFT͒ of the obtained data. This intensity was used as a relative, inverse measure of bubble concentration when normalized relative to intensity measured using samples without Optison at the same conditions. This approach is based on the expectation that Optison bubbles scatter acoustic energy and thereby reduce the signal received by the hydrophone. We further calibrated by assuming that scattering intensities during the first 100 s of sonication corresponded to the signal with no bubbles destroyed.
As an additional method to detect bubbles, acoustic signals scattered or emitted from the exposure pipette were collected by a hydrophone ͑Sonic Concepts͒ approximately 2.5 cm adjacent to the sample pipette ͑i.e., at 90°off axis from the transducer͒ at the location where the maximum signal intensity was recorded. Collected signals were transformed to the frequency domain using FFT as described before.
The broadband noise was used as a measure of inertial cavitation activity ͑Chen et al., 2003a by measuring the root-mean-squared ͑rms͒ intensity of the frequency spectra between 750 and 1000 kHz. This range was large enough to provide meaningful averaging, but sufficiently narrow to avoid the base of the harmonic peaks ͑Chen et al., 2003a͒. Broadband noise measurements were normalized relative to the broadband intensity recorded at the same conditions without Optison to account for background noise from the solution without Optison, chamber walls, side-lobes of the transducer, and reflected waves.
E. Statistical analysis
At each condition tested, a minimum of three replicate samples was measured, from which the mean and standard error of the mean ͑SEM͒ was calculated. A Student's t-test was used when comparing two experimental conditions. One-way analysis of variance ͑ANOVA, ␣ϭ0.05) was performed when comparing one factor with three or more experimental conditions and two-way analysis when comparing two factors. A p-value Ͻ0.05 was considering statistically significant. Data are expressed as meanϮSEM in the figures.
To identify trends in experimental data, regression models based on restricted cubic splines ͑S-Plus, MATHSOFT, Seattle, WA͒ were used. ''Goodness'' of fit for each trend was determined using the multiple R 2 statistic, which represents the amount or variability in the response variable that is explained by the fitted variable. A multiple R 2 of 1 indicates a perfect relationship between the fit and response variables, while a multiple R 2 of 0 indicates no relationship.
III. RESULTS AND DISCUSSION
A. Optison bubble destruction as a function of time and pressure
Previous studies have observed destruction of Optison bubbles due to ultrasound ͑Dayton et Chomas et al., 2001; Chen et al., 2003b͒ , but have not quantified the kinetics of bubble destruction or its dependence on acoustic parameters. As shown in Fig. 1͑a͒ , the application of ultrasound was found to destroy Optison bubbles as a function of time and pressure. Bubble concentrations were determined in Fig. 1͑a͒ by electrical zone sensing using a Coulter counter. At the highest pressure examined ͑1.8 MPa͒, bubbles were rapidly destroyed during the first few hundred milliseconds and then the level of destruction plateaued at a value close to 100% destruction ͑one-way ANOVA, pϾ0.10, for sonication times greater than 120 ms at 1.8 MPa͒. At 0.5 MPa, and at other intermediate pressures ͑0.6, 0.8, 1.2 MPa; data not shown to avoid clutter͒, bubbles were destroyed more slowly and less completely, but the rate of destruction still reached an apparent plateau within a few hundred milliseconds ͑one-way ANOVA, pϾ0.20, for sonication times greater than 600 ms at 0.5 MPa͒. In these cases, the plateau value generally increased with pressure and was between approximately 50% and 100% destruction. At the lowest pressure examined, bubble destruction steadily increased and began to plateau near 2 s of sonication ͑one-way ANOVA, pϾ0.15 for sonication times greater than 1.7 s at 0.3 MPa͒. When no ultrasound was applied, statistically insignificant numbers of bubbles were destroyed ͑one-way ANOVA, pϭ0.80; data not shown͒.
For the data shown in Fig. 1͑a͒ , the Coulter counter was capable of measuring the presence of bubbles greater than 2 m in diameter. Thus, bubbles larger than 2 m were counted, but bubbles smaller than 2 m were not detected. To determine if smaller bubbles were present, we used flow cytometry to detect bubbles as small as 0.2 m in diameter. Using light scattering measurements in a flow cytometer, we found bubble destruction rates similar to those determined by Coulter counting ͑data not shown͒, which gives additional confidence in the bubble destruction data shown in Fig. 1͑a͒ .
A limitation of measuring bubble concentrations by Coulter counting or flow cytometry is that they required a delay of approximately 3-5 min after sonication before the sample could be carried to the Coulter counter or flow cytometer and the measurement completed. Thus, bubbles that were detected were only those that survived sonication and remained intact afterwards, i.e., intact Optison bubbles and any other bubbles sufficiently stable to survive for a few minutes.
To address this limitation, we also determined rates of bubble destruction using a real-time assay based on acoustic scattering by Optison bubbles. Intensity of the ultrasound signal at the fundamental frequency ͑500 kHz͒ transmitted through the sample increases during sonication because the sample becomes more acoustically transparent as Optison bubbles are destroyed. This intensity was used as an inverse measure of bubble concentration when normalized relative to intensity measured using samples without Optison. Figure  1͑b͒ shows bubble destruction kinetics determined by acoustic scattering. Comparison with measurements by Coulter counting ͓Fig. 1͑a͔͒ and flow cytometry ͑data not shown͒ indicate that all measurement methods give similar results.
B. Optison bubble destruction as a function of energy
Because rates of bubble destruction depend on exposure time and even more strongly on pressure, we hypothesized that the family of curves shown in Fig. 1 could be collapsed down into a single curve when plotted as a function of acoustic energy exposure. To test this hypothesis, the extent of bubble destruction ͓measured by Coulter counting, Fig. 1͑a͔͒ was replotted as a function of acoustic energy exposure ͓Fig. 2͑a͔͒ and shown to monotonically increase with increasing energy ͑one-way ANOVA, pϽ0.001). Analysis of data collected by acoustic scattering measurements ͓Fig. 1͑b͔͒ give a similar result ͑data not shown͒.
As a further test of correlation with energy, we plotted bubble destruction at three different initial Optison concentrations as measured by flow cytometry as a function of acoustic energy exposure ͓Fig. 2͑b͔͒. This analysis further showed that the extent of bubble destruction increased with increasing energy ͑two-way ANOVA, pϽ0.001) and that it also increased with increasing Optison concentration ͑two-way ANOVA, pϽ0.05).
It is interesting to note that bubble destruction depended on acoustic energy exposure, where almost all bubbles were destroyed at energies of at least 30-50 J/cm 2 ͑Fig. 2͒. This energy level for destruction of the total bubble population is notably close to the optimal exposure conditions observed by Guzman et al. ͑2001a͒ for good molecular uptake by viable prostate cancer cells using the same apparatus.
C. Change in Optison bubble size distribution
The analysis presented in Figs. 1 and 2 shows that bubble concentration decreases during sonication, but does not address possible changes in bubble size distribution. To our knowledge, changes in Optison bubble size during sonication have not been measured before. As shown in Fig. 3͑a͒ by Coulter counting ͑size range 2-10 m͒ and Fig. 3͑b͒ by flow cytometry ͑size range: 0.2-10 m͒, bubble size distribution also changes with acoustic energy, where the fraction of large bubbles ͑i.e., Ͼ3 -5-m diameter͒ are preferentially destroyed ͑two-way ANOVA, pϽ0.005 for bubbles smaller than 3 m͒. The visual difference between Figs. 3͑a͒ and ͑b͒ is caused primarily by the different scales on the x axes. When comparing the size distributions measured over the 2-10-m range shared by both techniques, the similarity in readings from both methods is more apparent.
For reference, octafluoropropane bubbles suspended in water have a resonant diameter of 11.4 m at 500 kHz, as determined using the Minnaert resonant frequency equation ͑Leighton, 1994͒ with a constant pressure heat capacity of 114.71 J/mol K ͑Praxair, Danbury, CT͒. Bubbles of this size would oscillate more vigorously, thereby breaking their albumin shells and destroying those bubbles preferentially. The resonant size of an Optison bubble might be somewhat larger due to its albumin shell, which probably increases resonant diameter by a factor of about 2 ͑Church, 1995͒, Examining the distribution histograms indicates that these large bubbles are replaced to a large extent by ones with diameters just above 2 m ͓Coulter counter, Fig. 3͑a͔͒ or 0.2 m ͓flow cytometry, Fig. 3͑b͔͒ . This discrepancy between the two measurements may be explained by noting that these increases in small bubble populations occur just above the detection limits of each device and therefore may represent noise from debris produced by bubble fragments, as opposed to bubbles of those diameters.
D. Correlation of Optison bubble destruction with bioeffects
It has been proposed that destruction of a contrast agent can serve as a nucleation event for secondary bubbles that cause bioeffects ͑Brayman and Miller, 1997͒. We therefore tested this hypothesis using the quantitative data set on bubble destruction collected in this study. To relate bioeffects to changes in bubble concentration, we used measurements of intracellular uptake and viability of prostate cancer suspensions collected by Guzman et al. ͑2001a͒ using the same apparatus and range of ultrasound conditions examined in this study. This dataset shows that uptake of calcein increased and cell viability decreased with acoustic pressure, time, and energy exposure ͑Guzman et al., 2001a͒. When these bioeffect data are plotted versus the bubble destruction data measured in the present study, a good correlation ͑re-stricted cubic spline multiple R 2 ϭ0.92 and 0.94 for intracellular uptake and cell viability, respectively͒ is seen between bioeffects and bubbles destroyed ͑Fig. 4͒. Viability initially decreased as a weak function of bubble destruction and then dropped precipitously once most bubbles were destroyed.
Similarly, uptake increased as a nonlinear function of bubble destruction, with a sharp increase once most bubbles were destroyed.
It is interesting to note that when 60%-70% of the bubbles are destroyed, there are significant levels of molecular uptake at high viability. After more than 80% of bubbles are destroyed, viability steeply decreases. This result suggests that destruction of a critical number of nucleation sites is sufficient to obtain desirable bioeffects and further destruction causes large losses in cell viability. Careful regulation of bubble activity could help maintain both molecular uptake and cell viability at high levels during ultrasound exposure.
Bioeffects observed at large acoustic energies, after most detectable Optison bubbles had been destroyed, could arise as a consequence of ''secondary'' microbubbles created when the stabilizing shells surrounding Optison are broken and the encapsulated gas escapes.
To further test the hypothesis that secondary bubbles could cause these bioeffects, we presonicated a suspension of Optison bubbles at 130 J/cm 2 to remove essentially all detectable bubbles. Then, cells were immediately added and the mixture was sonicated again at 130 J/cm 2 . Despite the removal of almost all detectable bubbles, cell viability decreased to 66% and calcein uptake reached 3ϫ10 6 molecules/cell ͑Table I͒. Sonication at the same ultrasound conditions with ''fresh'' Optison bubble had similar, but more pronounced, effects. In contrast, sonication of cells using media that never contained Optison bubbles at the same ultrasound conditions caused insignificant uptake or loss of viability ͑Guzman et al., 2001a͒. Altogether, these observations mean that sonication of cells in the presence of secondary bubbles generated by presonication causes bioeffects greater than when no bubbles were used, but less than when fresh Optison was used. The reduced effect relative to fresh Optison is probably due to the short lifetime of secondary bubbles which can quickly disappear without continuous ultrasound stimulation ͑Chomas et al., 2001͒. This experiment indicates that residual material ͑i.e., secondary bubbles͒ present after Optison bubbles are destroyed plays an important role in the observed bioeffects, which is consistent with our hypothesis.
To further examine the role of secondary bubbles, we measured broadband noise generated during sonication. Broadband noise is characteristically emitted during collapse of a bubble, which could be during Optison bubble destruction or inertial collapse of secondary bubbles ͑Chen et al., 2003a, b͒. Figure 5 shows that even at high pressures and long times, when essentially all Optison bubbles have been destroyed ͓Fig. 1͑a͔͒, broadband noise levels can be high. This indicates that cavitation activity is occurring, presumably due to inertial collapse of secondary bubbles. We did not expect, or find, correlation between bubble size distribution and bioeffects, because the bubbles measured in Fig. 3 are not expected to directly affect cells. It is the destruction of these bubbles ͑i.e., the formation of secondary bubbles͒ that is bioactive. Secondary bubble size distributions would be more directly relevant to bioeffects, although we were not able to make these measurements.
IV. CONCLUSION
In this study we quantified destruction of Optison bubbles during 500 kHz sonication and correlated those measurements with bioeffects. To facilitate measurements, we showed that flow cytometry could be used to measure Optison bubble concentration and size distribution over a broad range of bubble sizes ͑0.2-10 m͒ and found general agreement with measurements by Coulter counting over the range of overlap ͑2-10 m͒. Using this approach, we determined that Optison bubbles were destroyed as an increasing function of Optison concentration and acoustic pressure and time, as well as acoustic energy exposure, which served as a unifying parameter. Optison bubble size distribution was also shown to change as a function of acoustic energy, where bubbles larger than 3-5 m were preferentially destroyed.
By comparing to bioeffects data, we found that cell viability and calcein uptake correlated with the lifetime of bubbles, where 60%-70% of bubbles needed to be destroyed before significant bioeffects were observed. Almost all bubbles were destroyed by energies of 30-50 J/cm 2 , which is approximately the same energy previously reported to be optimal for producing desirable bioeffects using the same apparatus. These and other measurements suggested that primary Optison bubbles serve as nuclei for free gas microbubbles liberated after rupture of Optison bubbles and these secondary bubbles are responsible for cellular bioeffects. Carefully regulating the kinetics of bubble destruction during sonication should be important to control cell viability and molecular uptake.
